Abstract. We report the status of an ongoing lattice-QCD calculation of form factors for exclusive semileptonic decays of B mesons with both charged currents (B → π ν, B s → K ν) and neutral currents (B → π + − , B → K + − ). The results are important for constraining or revealing physics beyond the Standard Model. This work uses MILC's (2+1+1)-flavor ensembles with the HISQ action for the sea and light valence quarks and the clover action in the Fermilab interpretation for the b quark. Simulations are carried out at three lattice spacings down to 0.088 fm, with both physical and unphysical seaquark masses. We present preliminary results for correlation-function fits.
Introduction
Semileptonic decays of B (s) mesons are important to searches for new physics at the intensity frontier. Decays mediated at tree-level by charged currents (see Figure 1 , left), namely B → π ν and B s → K ν , provide precise determinations of the CKM matrix element |V ub |. This element is crucial for testing CKM unitarity and thus important in the search for new physics. There are well-known discrepancies between inclusive and exclusive determinations of |V ub | [1] . Exclusive determinations combine theoretical calculations of nonperturbative form factors with experimental measurements of decay rates. This work seeks to further reduce the uncertainties from theory.
Decays mediated by neutral currents (see the Standard Model and experimental data pertaining to these FCNC interactions [2] . The semileptonic decays and neutral mixing of B mesons have been studied in experiments at BaBar [3] , Belle [4] , CDF [5] , DØ [6] , and LHCb [7] [8] [9] and will become available from ongoing measurements at LHCb and the upcoming Belle II experiment. Errors from theory and experiment are commensurate and expected to be improved. In this work, we calculate form factors from first principles in lattice QCD for the exclusive decays B → π ν , B s → K ν , B → π + − , and B → K + − . We use (2+1+1)-flavor MILC HISQ ensembles, where the light quarks are at physical masses. The purpose of this work is to improve theoretical confrontations with experiment, both by determining |V ub | in charged-current decays and by comparing branching fractions in neutral-current decays.
Matrix elements and form factors
In the Standard Model and beyond, transitions between pseudoscalar mesons can be mediated by a vector current V µ = qγ µ b, a tensor current T µν = iqσ µν b, or a scalar current S = qb. The resulting matrix elements are as follows:
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where P = π, K is the light-pseudoscalar meson in the final state and k its four-momentum, B = B, B s is the B (s) meson in the initial state and p its four-momentum, and q = p − k is the four-momentum carried off by the leptons. In Eq. (2.2), f + and f 0 are rewritten in terms of f ⊥ and f , where v = p/M B is the four-velocity of the B meson, k ⊥ = k − (p · v) v is the projection of the four-momentum of the final-state meson in the direction perpendicular to v, and E P = k · v is the energy of the final-state meson in the B-meson rest frame. Thus we may reconstruct f + (q 2 ) and f 0 (q 2 ) as linear combinations of f ⊥ (E P ) and f (E P ): Table 1 . Parameter inputs and elementary outputs used in this work. Columns are (from left to right): approximate lattice spacing, lattice size, quark masses in lattice units, b-quark hopping parameter, number of configurations and different source times, product of pion mass with linear spatial dimension, and gradient-flow quantity. 
Eqs. (2.5) and (2.6) automatically satisfy the kinematic constraint f + (0) = f 0 (0). It becomes straightforward to obtain the form factors f ⊥ , f , and f T as functions of the pion or kaon energy by analyzing two-and three-point correlation functions in the lattice-QCD calculation.
Lattice-QCD calculation
We use (2+1+1)-flavor ensembles generated by the MILC Collaboration, which include the dynamical effects of u, d, s, and c quarks in the sea. The isospin limit m u = m d = m l is used for the light quarks and the same input masses are used for corresponding sea and valence quarks. There are five ensembles at three lattice spacings down to 0.088 fm and three of these ensembles use physical quark masses. The highly-improved staggered quark (HISQ) action is used for the sea and light valence quarks, while the clover action in the Fermilab interpretation is used for the b quark. Gluons are implemented with the one-loop improved Lüscher-Weisz action. To determine the lattice scale, we use the gradient-flow quantity w 0 /a [10] , whose continuum value is given by w 0 = 0.1714(15) fm [11] . Ensemble properties, including both parameter inputs and elementary outputs, are given in Table 1 .
The lattice-QCD calculations in this work employ two-and three-point correlation functions defined as follows:
where J µ(ν) = V µ , T µν are the lattice currents. The final-state-meson momenta are generated up to k = (4, 0, 0) × 2π/(aN s ). Correlation functions are computed from multiple source locations on each configuration to increase statistics. This is accomplished by setting eight temporal source locations [7, 47] at t = 0, N t /8, . . . , 7N t /8, while fixing the spatial source locations at x = 0. The autocorrelations between successive configurations are mitigated by binning, wherein we analyze both the exponential autocorrelation time and the scaling of variances with bin size. Three-point correlation functions are computed at two source-sink separations T and T + 1 (see Table 1 ).
Operators for currents on the lattice are related to those in the continuum according to J Z J J. We use a mostly nonperturbative matching,
where q = l, s for P = π, K, both square-root factors are computed nonperturbatively, and ρ J are computed perturbatively. The one-loop-corrected ρ J are not yet available in the literature. They will be used to introduce a blinding procedure to our analysis, as in Refs. [12, 13] .
Analysis
We extract the masses and energies of mesons on the lattice by fitting the two-point correlation functions to these forms:
where the overlap amplitudes are Z (n)
. We use N = 3 in all cases except for the zero-momentum pion, which does not contain states with opposite parity. We loosely constrain the priors for amplitudes and energies according to the procedures outlined in Ref. [14] . For the fit ranges [t min , t max ], which are listed in Table 2 , we choose t min in physical units to be consistent for corresponding mesons on different ensembles, as well as to maximize goodness of fit. We choose t max by requiring that the fractional errors in the two-point correlators remain below 5%. Fit results are confirmed to be stable under variations in t min , t max , N, and prior widths.
Form factors may be extracted from fits to three-point correlation functions with these forms: where A µ(ν)
. Fitting directly to Eq. (4.3) yields the form factors as follows:
where the current-renormalization factors Z J are defined in Eq. (3.4). These fits are applied over ranges of [t
min ] with loosely constrained fit priors. Alternatively, the form factors may be obtained by computing ratios of three-to two-point correlators, as introduced in Ref. [15] . For the form factors presented in this report, we employ the latter procedure, as exemplified in Figure 2 . The preliminary form factors for B → π, B s → K, and B → K are shown in Figure 3 , where they include only the nonperturbative factors in Z J . The perturbative factors ρ J will be blinded [12, 13] once they are available. This will reduce subjective bias in our analysis because the ρ J will be unblinded only after finalizing our results.
Our analysis will proceed similarly to Refs. [12, 13, 15] . We will perform a combined chiralcontinuum extrapolation of the form factors. Since the sea quarks are at physical mass in this work, chiral perturbation theory will be used as an interpolation to correct for slight mistunings. We do not expect b-quark mistuning to be significant because the parameters are determined with greater precision in this work. Next, we will construct a complete error budget, including uncertainties from scale, dynamical quark masses, and current renormalization, as well as effects from finite volume and the discretization of quarks and gluons. Lastly, we will extrapolate to the full kinematic range accessible in experiment by applying the model-independent z expansion [16, 17] . It is then that the form factors will be unblinded and direct comparisons with experiment can be made.
Summary and outlook
We have presented preliminary results for the lattice-QCD calculation of the form factors f ⊥ , f , and f T in the charged-current decays B (s) → π(K) ν and neutral-current decays B → π(K) + − . These calculations use HISQ ensembles from MILC, which include physical quark masses. We expect similar statistics and discretization errors to previous asqtad analyses [12, 13] for ensembles at similar lattice spacings. The main improvement in this work is the removal of the errors due to the chiral extrapolation. Further improvement will be necessary, both in the statistics for the nonperturbative renormalization factors and in the availability of ensembles at finer lattice spacings. Our analysis is meant to confront experiment in two ways. First, we will determine |V ub | by combining with experimental results for the charged-current decays, which will help to address the tension between inclusive and exclusive determinations. Second, we will test for new physics by comparing with experimental results for the neutral-current decays (e.g., branching fractions in B → Kµ + µ − ), which will help to address the tension between theory and experiment.
